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49 the size selective properties of the codend compared to a conventional codend, from which fish 50 are able to escape during haul-back. If few or no fish escape during the haul-back phase 51 regardless of codend type, the total selectivity of the fishing process would be unaffected by 52 the new codend. However, if fish generally escape from the conventional codend during the 53 haul-back phase, the new codend could potentially affect the overall size selectivity of the 54 fishing process. This would mean that the dual sequential codend would likely retain more 
Model and method for quantifying missing size selectivity in the sequential codend
146 This section develops a model and method for quantifying the size selection that during the 147 haul-back phase will be missing in the sequential codend compared to the conventional codend.
148 The method is based on comparing the catches obtained with the two trawl setups (DS1 and 149 DS2), and relating the observed ratio in catches to the missing size selection (i.e. the size 150 selectivity in the conventional codend that is lacking in the sequential codend) (Fig. 1) . Because 151 the conventional codend and sequential codend were each used every second haul in the same 152 area, the collected catch data were treated as paired catch comparison data (Krag et al. 2015) .
153 Based on the approach described by Brinkhof et al. (2017b) , the size selectivity process during 154 trawling with both the conventional and sequential codends can be regarded as a temporal 155 sequential process consisting of a towing phase (t) followed by a haul-back phase (h). The haul-156 back selectivity phase can be viewed as a spatial sequential process, first with selectivity in the 157 gear before the catch build up zone in the codend (a) followed by a selectivity process in the 158 codend catch build up zone (b). Based on these considerations, the total selectivity process with 159 the conventional codend r c (l) can be modelled by ( Fig. 3) :
161 whereas the total size selectivity with the sequential codend r s (l) can be modelled by (Fig. 3 ):
162
(2) ( ) = ( ) × ℎ ( ) × ℎ ( ) 163 where rt denotes size selectivity during towing; rha denotes size selection in the anterior and 164 codend sections in front of the catch build up zone during haul-back, which includes the sorting 165 grid and extension piece; and rhb denotes size selectivity in the catch build up zone of the 166 codend during haul-back (Fig. 3) . Let nc li and ns li be the numbers of fish in length class l caught 167 in haul pair i in the conventional codend and the sequential codend, respectively. Based on the 168 group of a paired hauls, we can quantify the experimental average catch comparison rate 175 According to Eq. 4 the calculation of the sampling factors is based on the assumption that the 176 number of cod entering is expected to increase proportional with the fishing effort. With equal 177 towing speed within the pairs, the fishing effort can be considered to be proportional with the 178 towing time. Within the pairs, the haul with the longest towing time will have a sampling factor 179 equal to 1.0, while the other tow will have a sampling factor which is scaled down with the ratio 180 between the two towing times.
181 The next step is to express the relationship between the catch comparison rate CC(l) and the 182 size selection process for the conventional codend and the sequential codend . In this ( ) ( ) 183 process, assume that the total amount of fish n l in length class l enters the trawl with the 184 conventional or sequential codend (Fig. 3) . 186 SP is the proportion of fish entering the aft part of the trawl with the conventional codend 187 compared to the sequential codend. SP is assumed to be length independent. Therefore, the 188 expected values for and , respectively, are:
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190 Based on models (1) to (5) and Fig. 3 , the theoretical catch comparison rate CC(l) becomes:
192 Next, the following assumptions are introduced: (1) and (2) while using the assumptions (7) we arrive at that rhb c (l) 207 also quantifies the ratio between the size selectivity in the trawl with the conventional codend 208 (DS1) and the trawl with the sequential codend (DS2).Therefore, the size selectivity in the trawl 209 with the sequential codend can be expressed in terms of the selectivity in the trawl with the 210 conventional codend multiplied by a factor that is one divided by the missing selectivity:
212 Therefore, if some cod first escape through the meshes in the aft of the codend during haul-213 back the use of the sequential codend will scale the retention probability for the total trawl 214 process up by 1.0 divided the missing haul-back selectivity. 215 We estimated the average missing size selectivity with the sequential codend using maximum 216 likelihood methods by minimizing the following equation with respect to the parameters 217 describing CC(l), which in addition to SP, include the parameters in the model that we apply 218 for rhb c (l):
219
(10) 
229 However, without assuming any specific model for the missing size selectivity (rhb c (l)), such 230 as equations (11) or (12), we also could formally determine whether there is evidence of missing 231 size selectivity with the sequential codend by analyzing the catch comparison data. The null 232 hypothesis was that the size selectivity of the two codend types was equal, which implies that 233 rhb c (l) = 1.0 for all l. Thus, based on equation (8), CC(l) = SP. We first tested whether this 234 hypothesis could be rejected based on the collected data by estimating the value of SP under 235 this hypothesis based on equation (10) and then calculating the p-value to obtain at least as big 236 discrepancy as observed between the experimental catch comparison data and the model by 237 chance. If this p-value was below 0.05, we could reject the null hypothesis unless the data 238 appeared to exhibit over-dispersion, which would be indicated by lack of any fish length-239 dependent pattern in the deviation between the modeled catch comparison rate and the 240 experimental data points. In case the null hypothesis is rejected, thereby providing evidence for 241 missing size selectivity, we then quantified this selectivity using models (11), (12), and (6).
242 This process included testing whether using models (11) and (12) 
Estimation of difference in size-dependent catch pattern between the two codends
265 The actual difference in catch pattern between the two codend types was assessed by calculating 266 the difference in the population structure of the catch for the two codends (Fig 1) . The length-267 dependent population frequencies retained in the codends were calculated as follows: 
281 where i denotes the bootstrap repetition index. Because the bootstrap resampling was random 282 and independent for the two groups of results, it is valid to generate the bootstrap population of 283 results for the difference based on (16) using the two independently generated bootstrap files 
Similarly, the total size selectivity for the trawl equipped with the quality-improving ( ) 293 codend was estimated by combining the catch data for the a uncovered hauls conducted 294 using the quality-improving codend with the catch data for the b covered control hauls by 295 minimizing the following: Table 2) . A difference in size selectivity between the two codends 323 was supported by the discrepancy between catch comparison curves for the H 0 model and the 324 length-dependent pattern in the experimental data (Fig. 5b) . Being a length-independent catch 325 comparison rate, the H 0 model curve is equal to that of the SP (i.e., 0.4625). The empirical 326 model provided good fit statistics and fitted the experimental data points nicely (Fig. 5c , Table   327 2). However, empirical models cannot provide selection parameters. Therefore, two structural 12 328 models were investigated. Although the Clogit model provided a significantly improved model 329 fit compared to the H 0 model, the Logit model provided the best model fit (i.e., lowest AIC 330 value) ( Table 2 ). The catch comparison curve from the Logit model based on equations (8) and 331 (11) also followed the experimental data points well (Fig. 5c) . A comparison of the catch 332 comparison curve from the Logit model with that from the empirical model showed nearly 333 identical curves in the length-span were the experimental data have power (Fig. 5) (Fig. 5c) . The size selectivity curve in Fig. 6 343 quantifies the missing size selectivity in the dual sequential codend after the opening of the 344 catch releaser during haul-back. The area above the upper CI in the size selectivity curve 345 provides evidence for the reduced size selectivity in the sequential codend compared to the 346 conventional codend for cod up to 47 cm (Fig. 6) . Specifically, considering the most 347 conservative estimate, cod measuring 20 cm had 63% escape probability when located in the 348 conventional codend during haul-back compared to none in the dual sequential codend (Fig. 6, 349 Table 3 ). Furthermore, for cod measuring 40 cm the release possibility that would be missing 350 during haul-back with the sequential codend was estimated to affect 51% of the cod that had 351 not escaped prior but would during haul-back with the conventional codend (Fig. 6, Table 3 ).
352 For cod measuring 44 cm, which is the minimum target size, the escape probability during haul-353 back was 18% in the conventional codend (Fig. 6, Table 3 ).
354 Applying the upper CI's for the missing haul-back selection curve (Fig. 6 ) in Eq. 9, enables 355 estimation of the minimum scaling factor which quantifies the minimum relative size selection 356 between the two codends, i.e. the increase in the retention probability in the sequential codend 357 compared to the conventional codend. Cod measuring 20 cm had an increased retention 358 probability in the trawl with the sequential codend by a factor of minimum 2.71 (Table 3) .
13
359 Furthermore, for cod measuring 40 cm and 44 cm the scaling factor was 2.06 and 1.15, 360 respectively (Table 3).   361 FIG. 6   362 TABLE 3 363 Although these results demonstrate reduced size selectivity in the sequential codend compared 364 to the conventional codend, this would be a problem only if undersized fish are present in the 365 fishing area, are caught, and fail to escape through the size selective grid or codend meshes 366 before haul-back. When we investigated the population structure retained in the two codends 367 (Fig. 7a, b) , we found no significant difference (Fig. 7c) . However, it is important to emphasize 368 that these results are case specific and could be due to the lack of undersized fish in the area 369 during the data collection period or to efficient release of undersized fish in the sections anterior 370 to the codend (i.e., size sorting grid and extension piece), as well as during towing.
FIG. 7 372 Total size selectivity in the trawl with the conventional codend and the sequential codend
373 The four control hauls (DS3 in Fig. 1 ) that were equipped with covers to retain all escapees 374 provided a length-based abundance measure for the cod entering the trawl. The length 375 distribution of the cod retained in the four control hauls (grey line in Fig. 8a, b) differs from the 376 black distribution curves in the figures showing the length distribution of cod retained in the 377 conventional (DS1 in Fig. 1 ) and sequential codend (DS2 in Fig. 1 ), respectively. This 378 demonstrates that small cod were present in the area when experimental fishing was conducted.
379 Thus, the four control hauls enabled estimation of the total size selectivity in the trawl with the 380 conventional codend and sequential codend (Fig. 8c, d , Table 4 ). The fit statistics presented in 381 Table 4 demonstrate a good fit of the model (i.e., the p-value is well above 0.05, making it 382 highly likely that the observed discrepancy between the experimental catch sharing rates ( 383 ) and the fitted model is a coincidence). For both codend Table 3 . Reduced escape probability, and increased retention probability including the lower 7 limit of the scaling factor for cod with 5 cm length intervals with 95% CIs for the cod retained 8 in the dual sequential codend compared to the conventional codend 9 
